Novel [Au(NHC)(DIC)]BF 4 complexes (NHC = SIMes, IMes, SIPr, IPr; DIC = 2,6-dimethylphenyl isocyanide) were synthesized and characterized. These substrates react with secondary amines at room temperature under mild experimental conditions to give new bis-carbene NHC-NAC derivatives. The reaction of formation of the latter complexes with piperidine, morpholine, and diethylamine was studied by NMR and UV-vis spectrometry, and a mechanism involving a concomitant attack of the amine at the metal center and at the coordinated isocyanide was proposed on the basis of a detailed kinetic study. The mechanistic network was completely resolved by means of an independent determination of the equilibrium constant of formation of the adduct [Au(NHC)- 
Introduction
Among all the stimulating aspects of modern organometallic chemistry our attention was attracted by the interesting reactivity of carbene derivatives of gold(I). As a matter of fact, since the synthesis of the first stable NHC derivatives by Arduengo and co-workers, 1 carbene complexes of the transition metal have acquired a paramount importance in the field of metal catalyzed reactions 2 and the NHC carbene derivatives of palladium, 2l,3 ruthenium, 4 nickel 5 and platinum 6 were often employed as useful substitutes of phosphine or phosphite complexes. Conversely, the carbene complexes of gold(I) did not initially received much attention, but at present they undergo a remarkable development thanks to their versatility as catalysts, 7 luminescent devices, 8 and potential drugs. 9 Since the seventies, it was known that amines attack isocyanides coordinated to a transition metal to give the corresponding NAC carbene derivatives 10 (NAC = nitrogen acyclic carbene) and such a protocol has been used by Vicente, Espinet and co-workers in the synthesis of gold(I) NAC carbene derivatives. 11 On the basis of the described outcomes, we have programmed the synthesis of new mixed bis-carbene NHC, NAC derivatives, which might be employed in the olefin diboronation analogously to their homoleptic [Au(NHC) 2 ] þ complexes 12 or as active antibacterial agents. 13 Thus, we have first synthesized the complexes [Au(NHC)(DIC)]BF 4 (NHC = SIMes, IMEs, SIPr, IPr; DIC = 2,6-dimethylphenyl isocyanide) and hence, by means of nucleophilic attack at the isocyanide moiety with secondary amines with different basicities and steric demands, we have obtained the species [Au(NHC)(NAC)]BF 4 , which represented our synthetic target.
The complete synthetic strategy and a detailed mechanistic study of the amination reaction and the influence of steric and electronic parameters on the reaction will be described in the present paper.
Results and Discussion
Synthesis The diagnostic NH proton formed upon the proton transfer from piperidine to the isocyanide nitrogen resonates within 7.78-8.04 ppm (see Scheme 2). Moreover, the observed cross-peak between NH and H 6 pip in NOESY experiments suggests for the [Au(NHC)(NAC)] þ complexes an endo conformation, 11 which is confirmed by the structural determination (vide infra). The NAC aromatic protons also display an upfield shift when compared with the corresponding DIC derivatives. Generally speaking, the NHC-NAC derivatives display an upfield shift of the signals of protons of the NHC imidazolium CH or imidazolinium CH 2 of the . Similarly, an upfield shift is also noticed in the case of the mesityl CH 3 or methyl isopropyl (CH 3 ) 2 CH protons of the NHC substituents. However, such a general behavior is no longer valid when the 13 C NMR spectra of the bis-carbene complexes are taken into consideration. As a matter of fact, the NHC carbene carbon of the species [Au(IMes){C(NHAr)(NC 5 -H 10 )}] þ resonates downfield (∼8.5 ppm) with respect to the corresponding [Au(IMes)(DIC)] þ complex, whereas the NAC carbene carbons resonate at frequencies similar to those of other NAC derivatives described in the literature.
11d-f The signals ascribable to the carbene carbons of the NAC derivatives display an intense cross-peak with the NH proton (HMBC experiments) and resonate at higher field (6-7 ppm) with respect to the carbene carbons of the saturated NHC and at lower field (13-15 ppm) with respect to those of the unsaturated species.
The disappearance of the IR band at ca. 2200 cm -1 and the appearance of a band related to the ν CN band of the NAC fragment at ca. 1550 cm Table 2 .
In the complex [Au(IMes)DIC]BF 4 the coordination about Au1 is almost linear, with a C1-Au1-C22 bond angle of 176.5(2)°. The two mesityl rings are rotated with respect to the imidazole plane by 81.0(2) and 67.9(2)°, while the 2,6-dimethylphenyl isocyanide moiety is almost perpendicular, making an angle of 81.9(2)°with the NHC ring. The Au1-C1(carbene) distance of 1.998(5) Å is slightly shorter than the corresponding distances in similar compounds, 16 while the shorter Au1-C22 bond length can be accounted for in terms of sp hybridization of the isocyanide carbon C22.
Also, in the complex [Au(IMes){C(NHC 6 H 3 (Me) 2 )-(NC 5 H 10 )}]BF 4 the coordination about the Au1 is almost linear with a C1-Au1-C22 bond angle of 176.6(2)°. The two mesityl rings are rotated with respect to the imidazole ring by 89.7(2) and 77.4(2)°. Both Au-carbene distances, Au1-C1 and Au1-C22 (2.018(6) and 2.032(6) Å ), are in perfect agreement with other similar distances in Au(I) carbene complexes. 16 Kinetic Measurements. Owing to the reduced concentrations, the reactions carried out by UV-vis techniques were slow and easily measurable. However, preliminary experiments displayed a detectable and immediate decrease of absorbance upon addition of the amine to the solution of the starting complexes, followed by a slow, smooth reaction, yielding eventually the typical spectral features of the independently synthesized bis-carbene NHC-NAC derivatives (Figure 3) .
In any case the progress of these reactions and the related changes in concentration of the complex [Au (NHC)(DIC)] 
which in terms of absorbance changes takes the form
where D 0 , D ¥ , and D t are the absorbances at t = 0, at the end of the reaction (t = ¥) and at time t. The ensuing k obs values for the reaction of the complex [Au(SIMes)(DIC)]BF 4 and piperidine were fitted to the piperidine concentration, and the linear dependence shown in Figure 4 was observed.
The instantaneous decrease of the absorbance observed upon addition of piperidine to the solution under study and the intercept in Figure. 4 strongly suggest that the piperidine attack at the gold complex occurs at least via two independent paths. In order to better understand the reaction mechanism, we decided to study a reaction slower than that involving piperidine and the complex [Au(SIMes)(DIC)]BF 4 . We therefore resorted to the isostructural but less basic morpholine reacting with the complex [Au(IPr)(DIC)]BF 4 . In this case also the instantaneous absorbance change (although less marked than that previously observed) is followed by a smooth reaction, yielding the NHC-NAC derivative. In this case, the dependence of k obs on morpholine concentration is shown in Figure 5 .
The k obs dependence on the entering amine concentration [NHR 0 2 ] 0 can be represented by a nonlinear function of the type given by eq 3, which describes appropriately the features of Figure 5 .
Among the different mechanisms that are reasonably conceivable in agreement with the experimental findings, we propose the stepwise network given by Scheme 3.
Of course, the intermediates I 2 and I 3 in Scheme 3 might as well be replaced by the corresponding transition states, since none of them could be identified experimentally. ; Δt = 120 s). The a, b, and c parameters of eq 3 become k 2 , k 2 0 K eq , and K eq , respectively. A nonlinear regression analysis of the data in Figure 2 carried out under the SCIENTIST environment is given in Figure 6 .
The values of the calculated parameters are k 2 = 0.59 ( 0.02 mol
, and K eq = 404 ( 52.
However, since the nonlinear regression parameters are highly correlated (mainly k 2 0 and K eq ), we decided to determine the value of K eq independently by spectrophotometric titration at 298 K of isotonic solutions of the complex under study with increasing amounts of amine, taking advantage of the marked change in absorbance observable upon amine addition and of the slowness of the subsequent reaction. The regression analysis of absorbance vs amine concentration was carried out according to a general model which is described here:
where D i is the absorbance at any addition of amine and ε [Au(NHC)(DIC)] and ε I1 are the molar extinction coefficients of the complexes [Au(NHC)(DIC)]BF 4 and I 1 , respectively, the equilibrium constant K eq and ε I1 being the parameters to be optimized. The graphical outcome for the titration of [Au(IPr)-(DIC)]BF 4 with morpholine in CHCl 3 is reported in Figure 7 .
Notably, the titration is far from complete, since the rate of the subsequent amination reaction increases with the amine concentration. Nevertheless, we were able to determine the equilibrium constants for all the complexes synthesized (see Table 3 and the Experimental Section), although with a marked uncertainty (g10%). The knowledge of the equilibrium constants removes the high correlation between parameters and allows the complete redetermination of the parameters in eq 3, as reported in Tables 4 and 5 .
Nature of the Intermediates. The fast equilibrium reaction between the starting complexes [Au(NHC)(DIC)]BF 4 and the amines can be interpreted as a fast nucleophilic attack of the secondary amine at the metal center leading to the formation of the trigonal species I 1 represented in Scheme 3. Although the amine attack is not favored, since hard ligands display scarce affinity for soft metals, at this juncture it might be important to point out that several amine and amino carbene complexes of gold(I) can be found in the literature. 17 Thus, for the sake of simplicity we represent the intermediate I 1 as a trigonal species bearing the carbene, DIC, and the coordinated amine.
The K eq values are hardly influenced by the electronic and steric properties of NHC (see Table 3 ). Again, the steric hindrance of the entering amines does not play any important role, at variance with their basicity which, in contrast, seems to be very important (vide K eq (PIP) vs K eq (MOR)).
In order to get additional clues to the nature of the intermediate, we carried out the spectrophotometric titration of the complex [Au(IPr)(DIC)]BF 4 with p-methoxypyridine (K eq = 105 ( 8; pK a = 6.58). p-Methoxypyridine cannot yield the final bis-carbene complex, owing to its lack of a transferable proton to isocyanide nitrogen (this phenomenon represents the force driving the reaction to completion). The equilibrium is established, and this fact supports the hypothesis of the formation of the three-coordinate gold derivative. Notably, trigonal complexes of gold(I) with phosphine and halides or pseudohalides have been synthesized and characterized.
18
NMR and IR experiments carried out in CDCl 3 show a small upfield of signals for DIC isocyanide and a moderate shift at lower frequencies of the CN stretching, respectively. This effect is not in contrast with the proposed equilibrium reaction and the related K eq value. 19 Regression analysis for the titration of the complex [Au(IPr)(DIC)]BF 4 with p-methoxypyridine and the linear free energy relationship between pK a and log K eq for all the amines involved in the equilibria studied are reported in Figures 8 and 9 , respectively.
Apparently the amine attacks the unhindered [Au(NHC)-(DIC)]
þ cation, yielding a trigonal intermediate whose formation depends only on the pK a and is independent of the steric hindrance of the amines.
Intermediate I 2 is the transient species produced by direct associative attack of the amine at the coordinated isocyanide. According to the proposed mechanism the k 2 values increase with basicity and decrease with the steric bulk of the amine (see Table 5 ). Such a species rapidly undergoes proton transfer and represents the most obvious intermediate in the formation of NAC derivatives of platinum and palladium. Table 4 ). Such an increase in electronic density parallels the basicity of the amine itself, and consequently the isocyanide carbon becomes less prone to nucleophilic attack by one further amine, giving rise to some sort of leveling effect. Furthermore, in this case some anchimeric assistance exerted by the metal-coordinated amine in the proton transfer process cannot be ruled out a priori. 
Conclusions
We have synthesized and characterized several new gold(I) complexes with the carbene NHC and isocyanide DIC as ligands. These species were reacted with secondary amines NHR 0 2 to yield unprecedented mixed bis-carbene NHC-NAC gold(I) derivatives under mild experimental conditions. In the case of the reaction between the complexes [Au(NHC)-(DIC)] þ and piperidine the bis-carbene products were separated and fully characterized. On the basis of a detailed kinetic study the mechanism of formation of the bis-carbene derivatives was proposed. The nonlinear complex dependence of the measured k obs value on amine concentration suggests that a concomitant attack at the coordinated isocyanide (k 2 ) and at the metal center takes place (K eq , fast). The trigonal adduct formed as a consequence of the fast amine attack at gold undergoes a further attack of the amine at the coordinated isocyanide (k 2 0 ). Both of the resulting intermediates rapidly collapse to the final biscarbene NHC-NAC derivatives.
The independent determination of K eq by direct spectrophotometric titration of the starting complexes with the amines under study allows the complete determination of all constants involved in the mechanistic network. 10 )}]BF 4 were collected at room temperature using a Nonius Kappa CCD diffractometer with graphite-monochromated Mo KR radiation. The data sets were integrated with the Denzo-SMN package 21 and corrected for Lorentz, polarization, and absorption effects (SORTAV 22 ). The structures were solved by direct methods (SIR97 23 ) and refined using full-matrix least squares with all non-hydrogen atoms being refined anisotropically and hydrogens being included on calculated positions, riding on their carrier atoms. In the structure [Au(IMes)-DIC]BF 4 the BF 4 -anion was found to be disordered, and the fluorine atoms were refined isotropically over two positions with occupation factors of 0.5 each. In the structure [Au(IMes)-{C(NHAr)(NC 5 H 10 )}]BF 4 the NH hydrogen was refined isotropically.
All calculations were performed using SHELXL-97 24 and PARST 25 implemented in the WINGX 26 system of programs. Crystal data are given in Table 1SI (Supporting Information). Selected bond distances and angles are given in Table 2 ). An appropriate aliquot of the amine NHR ), and the reaction was followed to completion by monitoring the signals for the disappearance of the starting complex and the concomitant appearance of those of the Au(I) bis-carbene complex. An UV-vis preliminary investigation was also carried out, with the aim of determining the wavelength suitable for spectrophotometric determinations. For this purpose, 3 mL of freshly distilled CHCl 3 solution of the complex under study ([complex] 0 ≈ 1 Â 10 -4 mol dm -3
) was placed in a thermostated (298 K) cell compartment of the UV-vis spectrophotometer, and aliquots of a concentrated solution of the amine were added ([NHR ). In the case of the equilibrium between [Au(IPr)(DIC)] and Py-OMe-4, the titration was driven to completion using pure PyOMe-4.
Synthesis of the Complexes. [Au(SIMes)(DIC)](BF 4 ). To a stirred solution of [Au(SIMes)Cl] (0.05 g, 0.093 mmol) and DIC (0.0146 g, 0.111 mmol) in dichloromethane (10 mL) was added solid AgBF 4 (0.020 g, 0.102 mmol). The reaction proceeds at room temperature with the concomitant precipitation of AgCl. After 15 min the reaction mixture was treated with activated charcoal and filtered through Celite. The resulting clear solution, concentrated under reduced pressure, yielded the crude product upon addition of diethyl ether. The white residue was filtered off and washed with diethyl ether (3 Â 3 mL) and npentane (3 Â 3 mL). The resulting solid was dried under vacuum.
Yield: 98%, white solid.
